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Summary

A "newly detected" variant of methylenetetrahydrofolate (MTHF) reductase (E.C.1.1.1.68) deficiency as-

sociated with an 8-15-fold increase in plasma total homocysteine was discovered in two unrelated patients
who had subnormal serum folate. However, the homocysteinemia was corrected by oral folic acid supple-
ment. When MTHF reductase activities in lymphocyte extracts before and after heat treatment at 46 C for
5 min were compared, there was a consistent difference in heat stability between the enzyme from the con-

trols and that from the patients. The mean residual activities after heat treatment were 37.0%
(34.1%-42.6%) in the controls and 15.2% and 15.1% in the two patients, respectively. Two obligate het-
erozygotes for severe MTHF reductase deficiency had residual activities of 39.6% and 37.7%. A similar
difference in thermostability was demonstrated in cultured skin fibroblasts and lymphoblasts. Studies with
a mixture of lymphoblast extracts from a control and a patient and with partially purified enzyme sug-

gested that the thermostability was an independent characteristic of MTHF reductase. These observations
provided evidence of a hitherto undescribed mutant MTHF reductase in our two patients with intermedi-
ate homocysteinemia. Unlike previously reported patients with MTHF reductase deficiency, there was no

apparent clinical problem related to the abnormal folate or homocysteine metabolism during infancy or

childhood in these two subjects, but one of them had vascular disorders in adulthood. The observations in
these two subjects suggested that a moderate deficiency of MTHF reductase might be associated with vas-

cular disorders in adult life.

Introduction

Homocysteine is an unstable molecule that is readily
oxidized to homocystine (homocysteine-homocysteine
disulfide) and cysteine-homocysteine mixed disulfide
in the plasma. In addition, these free disulfides are spon-
taneously converted to protein-bound forms. Since
about 80% of plasma homocysteine is present in the
protein-bound form in nonhomocystinuric subjects
(Kang et al. 1979), the determination of free homo-
cystine in the supernatant after acid precipitation of
plasma detects only severe homocystinemia. However,
a 30-60-fold increase of plasma in vivo protein-bound
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homocyst(e)ine has been demonstrated in homocys-
tinuric patients. Hence it is plausible that a less severe
degree of homocysteinemia may be found by the deter-
mination of protein-bound homocyst(e)ine.

Homocystinurias are autosomal recessive disorders
resulting from a metabolic block in either the conver-
sion of homocysteine to cystathionine or the remeth-
ylation of homocysteine to methionine (Mudd et al.
1972; Mudd and Levy 1983; Rosenberg 1983; Erbe
1986; Cooper and Rosenblatt 1987). These include
deficiency of cystathionine synthase, which converts
homocysteine to cystathionine; methylenetetrahydro-
folate (MTHF) reductase, which converts MTHF to
methyltetrahydrofolate; and defects in the metabolism
of methylcobalamin, which is the coenzyme of methi-
onine synthase in the remethylation of homocysteine
(fig. 1).

Mutation of genes responsible for these enzymes may
produce moderate enzyme deficiency, resulting in mild
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Figure I Metabolic pathways involved in homocysteinemia.
Metabolic defects include cystathionine synthase deficiency (1),
methylenetetrahydrofolate reductase deficiency (2) and mutations in
cobalamin metabolism (3 and 4).

to moderate homocysteinemia, which can be detected
by the determination of protein-bound homocyst(e)ine.
On the other hand, nutritional deficiency of pyridox-
ine or folic acid also produces moderate homocysteine-
mia (Smolin and Benevenga 1982; Kang et al. 1987).
It is also known that methionine loading increases the
concentration of plasma homocystine and cysteine-
homocysteine disulfide (Sardharwalla et al. 1974).
Therefore, the combination of moderate deficiency of
any of the above enzymes and inappropriate nutritional
factors involved in homocysteine metabolism may in-
crease the severity of homocysteinemia.

In the present paper, intermediate homocysteinemics
are defined as subjects with a 3-20-fold increase of
plasma total homocysteine. Of the two subjects with
intermediate homocysteinemia reported in the present
study, one was found among patients with coronary

artery disease and the other was found among subjects
with low serum folate. Biochemical studies in these sub-
jects provided evidence for genetic heterogeneity of
MTHF reductase mutations that resulted in intermedi-
ate homocysteinemia.

Material and Methods

Patients

Patient I, a white male school teacher, had a positive
family history of coronary artery disease. His first at-
tack of myocardial infarction occurred at 35 years of
age, and two subsequent attacks occurred at 37 and
41 years of age. He also had a cerebrovascular accident
at the age of 45 years. A mild coronary artery disease
was demonstrated by angiography at age 36, and definite
stenosis in three coronary arteries was found at the sec-

ond (42 years of age) and third (46 years of age) investi-
gations. At age 42, plasma total homocysteine was 35.9
nmol/ml (normal 4.25 ± 1.40) and plasma methio-
nine was 27.0 nmol/ml (normal 12-30). Other labora-
tory data were as follows: serum folic acid, 1.4 ng/ml
(normal 2-16); B12, 198 pg/ml (normal 190-1,000);
total cholesterol, 212 mg/dl (normal 120-280); repti-
lase time, 14.5 s (normal 13-19); antithrombin III func-
tional, 93% (normal 80-115; alpha-2-antiplasmin,
112% (normal 80-120); plasminogen, 97% (normal
75-120); protein C activity, 91% normal; fibronec-
tin, normal; and mean corpuscular volume (MCV) of
erythrocytes, 102 gm3 (normal 82-92). No methylma-
lonic acid was detected in the urine. Cyanocobalamin
uptake of cultured skin fibroblasts was 7.0 pg/106
cells, and its distribution was 4.6% as cyanocobala-
min, 58.1% as methylcobalamin, and 10.7% as adeno-
sylcobalamin, indicating no abnormality. In cultured
skin fibroblast extracts, specific activity of cystathio-
nine synthase was 10.7 nmol cystathionine formed/mg
protein/h (controls' values 8.9, 9.3, and 14.6), specific
activities ofholoenzyme (without the addition of meth-
ylcobalamin) and total enzyme (with the addition of
methylcobalamin) of methionine synthase were 4.4
nmol methionine formed/mg protein/h (controls' values
3.8, 4.6, and 4.8), and 7.6 nmol methionine formed/mg
protein/h (controls' values 6.5, 7.1, and 8.5), respec-
tively. This patient had been a cigarette smoker until
35 years of age but never had hypertension or diabetes.
Daily multivitamin supplementation, including 1 mg of
folic acid/day, was started at 45 years. His plasma total
homocysteine was maintained within the normal range
(4.7 nmol/ml at 45 years, 5.8 nmol/ml at 46 years).
However, discontinuation of vitamin therapy for 12 wk
caused a rebound of plasma total homocysteine to 12.7
nmol/ml. Family history revealed that his father had
died of a heart attack at the age of 65 years. Of four
siblings, a 42-year-old brother had myocardial infarc-
tion at 35 years of age and had a plasma total
homocysteine level of 12.9 nmol/ml. His 72-year-old
mother and a 44-year-old sister had normal plasma to-
tal homocysteine values. Further studies in the family
members were refused.

Patient II, a black female, was hospitalized for viral
pneumonia at 17 years of age. Complete blood count
showed the following: red blood cells, 3.44 x 106/
mm3; hemoglobin, 9.9 g/dl; hematocrit, 30.9%;
MCV, 90 jm3; white blood cells, 17.2 x 103/mm3
with 74% segmented neutrophile leukocytes. Serum
cyanocobalamin and folate were 189 pg/ml and 1.1
ng/ml, respectively. Plasma total homocysteine was 61.1
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nmol/ml (normal 4.25 + 1.40), and plasma methio-
nine was 30 nmol/ml (normal 12-30). Subsequently,
all laboratory data except vitamin and homocysteine
values returned to normal. Serum total cholesterol, uric
acid, glucose, and pyridoxine levels were normal dur-
ing and after the hospitalization. No methylmalonic
acid was detected in the urine. Cyanocobalamin up-
take of cultured skin fibroblasts was 5.8 pg/106 cells,
and its distribution was 4.0% as cyanocobalamin,
62.1% as methylcobalamin, and 13.8% as adenosyl-
cobalamin, indicating no abnormality. In cultured skin
fibroblast extracts, specific activity of cystathionine syn-
thase was 9.8 nmol cystathionine formed/mg protein/h
(controls' values 8.9, 9.3, and 14.6), and specific ac-
tivities of holoenzyme and total enzyme of methionine
synthase were 4.6 nmol methionine formed/mg pro-
tein/h (controls' values 3.8, 4.6, 4.8) and 8.2 nmol me-
thionine formed/mg protein/h (controls' values 6.5, 7.1,
and 8.5), respectively. After two intramuscular injec-
tions of 1 mg cyanocobalamin with one weekly inter-
val, serum B12 increased to 279 pg/ml and plasma to-
tal homocysteine decreased to 34.1 nmol/ml. After 4
wk of oral folic acid therapy with 1 mg/day, plasma
total homocysteine was reduced to 6.5 nmol/ml. Fam-
ily history revealed that her six siblings, from 12 to 27
years of age, and her parents, aged 52 and 53 years,
had no clinical evidence of vascular disease. The fam-
ily members refused all laboratory studies.

Serum Folic Acid, B12, and Protein-bound Homocysteine
Analysis

The Becton Dickinson Simul TRAC®-S Radioassay
kit was used for the quantitation of folic acid and B12
(Lou et al. 1965; Herbert et al. 1966; Dunn and Foster
1973; Rudzki et al. 1976). The concentration of total
homocysteine was determined in serum samples stored
for more than 4 wk at - 22 C. The method of analysis
was as described elsewhere (Kang et al. 1979, 1982).
Total homocysteine was expressed as homocystine in
nanomoles per milliliter of serum. To convert total
homocysteine to homocystine, the value for total
homocysteine was divided by two.

Cells

Lymphocytes, cultured lymphoblasts, and skin fibro-
blasts were used for the preparation ofenzyme extracts.
Ficoll-Hypaque was used for the isolation of lympho-
cytes from heparinized blood (Jondal et al. 1972).
Epstein-Barr virus-transformed lymphoblast cell lines
from patient I and a control subject were established

by Dr. Bernard Strauss, Department of Microbiology,
University of Chicago. Cell line GM 5854, obtained
from the National Institutes of Health Genetic Mutant
Repository in Camden, NJ, was also used as control.
Lymphoblasts were cultured in RPMI 1640 containing
15% FCS (GIBCO) and were harvested in the log phase.
Skin fibroblast cell lines were established from skin bi-
opsies from the two patients and four controls. Fibro-
blasts were cultured until confluence in minimal essen-
tial medium containing 10% FCS and 1% glutamine.
Harvesting was carried out with Hank's buffered solu-
tion by scraping with a rubber policeman. The cells
were washed three times with Hank's buffer. After cen-
trifugation at 10,000 g for 10 min, the cell pellets were
stored at -75 C until the preparation of enzyme ex-
tracts.

Enzyme Assay
Stored cells were resuspended in 0.5-1.0 ml of 50-

mM potassium phosphate buffer, pH 6.3, lysed by freez-
ing and thawing three times, and centrifuged at 20,000
g for 30 min. The supernatant was used for enzyme
analysis after dialysis against 500 vol 50 mM phos-
phate buffer, pH 7.2, overnight. In some experiments,
the crude extracts were partially purified with ammo-
nium sulfate precipitation (45% saturation) followed
by adsorption to DEAE atpH 7.2 (Kutzbuch and Stock-
stad 1971). The ammonium sulfate precipitates were
separated by centrifugation for 30 min at 15,000 g and
dissolved in 50mM phosphate buffer for dialysis against
the same buffer overnight. The dialysate was then passed
through DEAE, which had been previously equilibrated
with 50 mM phosphate buffer, pH 7.2, washed with
the same buffer three times, and then eluted with 0.3
M phosphate buffer, pH 7.2. The eluent from DEAE
was dialyzed as described for the crude extracts. Pro-
tein concentration was determined by the method of
Lowry et al. (1951).
MTHF reductase (methyltetrahydrofolate-menadione

oxidoreductase) was assayed according to a modifica-
tion of the methods described by Kutzbuch and Stock-
stad (1971) and Wong et al. (1977a). To remove radio-
active impurities from commercially available [5-14C]
methyltetrahydrofolate, thin-layer chromatography with
cellulose acetate plate, 50mM ammonium bicarbonate,
pH 8.0, and 0.1 M 2-mercaptoethanol was used. The
purified substrate was stored in 34 nM ascorbate, pH
6.5. Without purification, the radioactive substrate pro-
duced high blank values, sometimes as high as 100,000
cpm in some batches. When the purified substrate was
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used, blank values were consistently less than 500 cpm.

Another modification was the addition of 10 gl of 1.3
M formaldehyde at the end of incubation.
The reaction mixture consisted of 0.18M potassium

phosphate buffer, pH 6.3, 37 nM menadione bisulfite,
80 gM [5-14C] methyltetrahydrofolate (0.8-1.4 x 106
cpm), 1.15 mM EDTA, pH 7.0, 11.5 mM ascorbic acid,
plus or minus 54 gM flavin adenine dinucleotide (FAD)
and 258 gl enzyme extract in a final volume of 436
gl. The amount of enzyme preparation in each tube
was either 100 ig of the supernatant protein from the
cell lysate or 20 jg of partially purified enzyme pro-

tein. Heat inactivation was performed by incubating
the enzymes in a 46 C water bath for 5 min in 50 mM
potassium phosphate buffer, pH 7.2. The reaction mix-
ture with unheated or heated enzyme extracts was in-
cubated at 37 C for 60 min. Then the reaction was ter-
minated by the addition of 0.3 ml of 20 mM dimedone
in 1.0 M potassium acetate buffer, pH 4.5, and 10 Il

of 1.3 M formaldehyde at 0 C. The mixture was placed
in boiling water for S min and then cooled in ice for
5 min. After the addition of 3 ml toluene, it was

vigorously mixed with a Vortex mixer. After low-speed
centrifugation, a 2-ml aliquot of the toluene phase was
removed for the measurement of radioactivity. Enzyme
activity was expressed in nanomoles of formaldehyde
produced per milligram of protein per hour.

Results

In the absence ofFAD the mean + SD specific activ-
ity of lymphocyte MTHF reductase from nine normal
subjects was 5.97 + 1.77 nmol formaldehyde pro-

duced/mg protein/h. The activity increased by 24.3%
in the presence of FAD (table 1). In contrast, the en-

zyme activities of lymphocyte extracts obtained from
patients I and II were 35% and 38% of the normal
mean, respectively, indicating a partial deficiency of
MTHF reductase in these patients with intermediate
homocysteinemia. Partial enzyme deficiency was de-
tected in the absence or presence of FAD. In addition,
heat-inactivation studies repeatedly showed a decreased
thermostability in MTHF reductase from the two
homocysteinemic subjects. When enzyme extracts were
heated at 4( for 5 min, the mean activity decreased
to about 37.0% of the original in the nine control lym-
phocyte extracts and to about 15% of the original in
the two patient lymphocyte extracts (table 1). The ther-
mostability of MTHF reductase from obligate hetero-
zygotes for severe MTHF reductase deficiency was not
distinguishable from that of the controls (table 1).
A similar study was performed with cultured skin

fibroblasts (table 2). Although MTHF reductase activi-
ties were highly variable before heat treatment, a simi-
lar thermostability was consistently observed in fibro-

Table I

MTHF Reductase Activity in Lymphocyte Extracts Before and After Heat Treatment

ENZYME ACTIVITY
(nmol HCHO /rng protein / h ) ACTIVITY AFTER

FAD IN ASSAY HEAT TREATMENT
TRIAL AND SUBJECT(S) MIXTURE Before Heat Treatment After Heat Treatment (%)

I:
Control............ - 5.97 + 1.77 (4.07-8.12) 2.21 ± .74 (1.23-3.05) 37.0 (34.1-42.6)
Patient I 2.11 .32 15.2
Patient II 2.25 .34 15.1
Heterozygote lb _ 3.69 1.46 39.6
Heterozygote l1b _ 3.13 1.18 37.7

II:
Controlc ........... - 7.63 (6.35-8.83) ... ...

+ 9.48 (8.55-10.66) 3.75 (3.41-4.20) 39.6 (35.0-42.4)
Patient I - 2.98 ... ...

+ 3.88 .64 16.5

NOTE.-Values in parenthesis indicate the range.
a Mean ± SD enzyme activity from nine normal subjects.
b Parents of patients with severe MTHF reductase deficiency.
c Means of values from three normal subjects.
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Table 2

MTHF Reductase Activity in Cultured Skin Fibroblast Extracts Before and
After Heat Treatment

ENZYME ACTIVITY
(nmol HCHO/mg protein/h) ACTIVITY AFTER

Before Heat After Heat HEAT TREATMENT
SUBJECT(S) Treatment Treatment (%)

Controla ....... 2.59 (1.30-3.43) .98 (.52-1.30) 37.8 (36.5-40.0)
Patient I....... 3.28 .42 12.8
Patient II ...... 1.83 .26 14.2

NOTE.-Values in parenthesis indicate the range.
a Mean of values obtained from four normal subjects.

blast extracts from both the controls and the patients,
again demonstrting decreased thermostability in the en-

zyme from the patients.
There were also wide variations ofMTHF reductase

activities in cultured lymphoblast extracts from two con-

trol cell lines obtained from two different individuals
(table 3). Furthermore, the enzyme activities of the pa-

tient's cell lines were higher than the activities of both
controls' cell lines. However, heat-inactivation studies
provided clear evidence of decreased thermostability
in the MTHF reductase from the patient. The mixing
experiment (V), using equal volumes of extracts from
C225 and P05, showed a residual activity of 24.1%
after heat inactivation. The calculated residual activity
was 24.0% (table 3). This observation suggested that
thermostability was an independent characteristic of
each enzyme.

MTHF reductase activity was also determined in par-
tially purified fractions of lymphoblast extracts (table
4). The thermostability of the partially purified enzymes
was similar to that of the crude extracts. This observa-
tion further strengthened the suggestion that thermosta-
bility was a property characteristic of the enzyme itself
and was not due to any interaction with other compo-
nents in the crude extracts.

Discussion

Severe MTHF reductase deficiency is characterized
by neurological abnormalities, mental retardation, psy-

chiatric symptoms, free homocystine, and relatively low
methionine in the plasma and urine (Erbe 1979, 1986;
Rowe 1983). A pathologic study in such a patient has
demonstrated vascular thrombosis and changes simi-

Table 3

MTHF Reductase Activity in Cultured Lymphoblast
Extracts Before and After Heat Treatment

ENZYME ACTIVITY
(nmol HCHO/mg protein/h) ACTIVITY AFTER

Before Heat After Heat HEAT TREATMENT
EXPERIMENT, STRAINS Treatment Treatment (%)

1, C225 (control 1)' . .......... 6.18 2.37 38.4
11, GM5834 (control 11)" ....... 3.47 1.29 37.2
111, P05 (patient I)b ........... 8.01 1.04 13.0
IV, P08 (patient I)b .......... 7.12 .89 12.5
V, C225 + P05' ............ 5.89 1.42 24.1

' Derived from normal subjects.
b Obtained from the lymphocytes of patient 1.
' Contained half the volume of each of the enzyme extracts used in experiments I and III.
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Table 4

MTHF Reductase Activity Before and After Heat Treatment
in Crude and Partially Purified Lymphoblast Extracts

ENZYME ACTIVITY
(nmol HCHO/mg protein/h)

Crude Extracts DEAE Adsorbed Fraction

STRAINS Before After % After Before After % After

C225 ........ 5.94 2.39 40.2 14.98 5.81 38.8
p05b ......... 7.77 1.34 17.2 17.03 3.05 17.9

a Derived from a control subject.
b Derived from patient I.

lar to atherosclerosis (Kanwar et al. 1976). The severity
of the clinical manifestations and the extent of the bio-
chemical derangement seem to parallel the degree of
enzyme deficiency (Erbe 1979, 1986; Rowe 1983). The
onset of clinical symptoms varies, occurring from the
neonatal period to adolescence. All previously reported
patients had less than 20% ofMTHF reductase activ-
ity in the absence of FAD. Large doses of oral folic acid
produced a rapid decrease in homocystine excretion in
some patients. However, their effect on the neurologic
abnormalities was variable (Erbe 1979, 1986; Rowe
1983).

In contrast, patient I had no neurologic problems until
the age of 42 years, when he had a mild stroke. How-
ever, he had multiple attacks of myocardial infarction
between 35 and 45 years of age. Patient II did not have
any history of neurological or vascular disease.

Decreased lymphocyte MTHF reductase activity
(from 35% to 40% of the normal mean) was observed
in lymphocyte extracts obtained from both patients I
and II. However, we were unable to demonstrate a con-
sistent decrease ofMTHF reductase activity in cultured
skin fibroblasts or lymphoblasts from the patients. It
is well known that enzyme activities in cultured cells
are highly variable. For example, acid l-glucosidase (N-
acyl-sphingosyl-O-0i-glycoside: glycohydrolase) activ-
ity in the supernatant derived from centrifugation of
homogenate or sonicate of cultured cells was highly vari-
able, leading to difficulties in distinguishing mutant cells
from normal cells by using specific enzyme activity alone
(Fabbro et al. 1987). In fibroblast cultures, cell density
and growth rate had a pronounced effect on MTHF
reductase activity (Rosenblatt and Erbe 1977a). In ad-
dition, enzyme activities were variable, depending on
the growth phase (Rosenblatt and Erbe 1977a). Hence,

our observations on MTHF reductase activities in cul-
tured cells from the controls and from the patients were
not unexpected; they demonstrated the need, when cul-
tured cells are studied, for biochemical characteriza-
tion of the enzyme to define a mutant.
Heat inactivation studies provided strong evidence

to support the view that the MTHF reductase in our
two patients was a mutant protein. Specific enzyme ac-
tivity after heat treatment showed a distinct difference
between the patients and the controls regardless of the
source of enzyme preparation. Although both patients
had subnormal or low normal serum cyanocobalamin,
normal uptake and distribution of cyanocobalamin as
well as normal methionine synthase activity in these
patients excluded the possibility of abnormal cobala-
min metabolism.

Genetic heterogeneity of severe MTHF reductase
deficiency has been demonstrated elsewhere by ther-
mostability studies of the enzyme (Rosenblatt and Erbe
1977b). However, the pattern of heat inactivation ap-
peared to be different from that in our patients. Fur-
thermore, the clinical and laboratory findings in our
patients were entirely different from those of the previ-
ously reported cases. It had been known that MTHF
reductase activity in some heterozygotes is only 30%-
40% of the normal mean value (Wong et al. 1977a,
1977b). However, our study showed that the thermosta-
bility of the enzyme in these heterozygotes was essen-
tially the same as that in the controls, providing further
evidence for the existence of a hitherto undescribed mu-
tant in our patients. Among intermediate homocystei-
nemics from our previous studies (Kang et al. 1986,
1987), only these two subjects were available for en-
zyme studies. Both had partial deficiency of lympho-
cyte MTHF reductase with decreased thermostability,
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suggesting that such variant(s) might not be uncom-
mon among subjects with vascular diseases. Our pre-
liminary report showed that 19 (23.2%) of 82 patients
with coronary artery disease and two (5.1%) of 39 con-
trols had thermolabile MTHF reductase (Kang et al.
1988).

In summary, the moderate deficiency of lymphocyte
MTHF reductase in our two patients was associated
with unique clinical and biochemical features. Hence,
reliable methods for the detection and confirmation of
mutant MTHF reductase may be important in the evalu-
ation and treatment of these subjects.
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